Both human speech and animal vocal signals contain frequency-modulated (FM) sounds. Although central auditory neurons that selectively respond to the direction of frequency modulation are known, the synaptic mechanisms underlying the generation of direction selectivity (DS) remain elusive. Here we show the emergence of DS neurons in the inferior colliculus by mapping the three major subcortical auditory nuclei. Cell-attached recordings reveal a highly reliable and precise firing of DS neurons to FM sweeps in a preferred direction. By using in vivo whole-cell current-clamp and voltage-clamp recordings, we found that the synaptic inputs to DS neurons are not direction selective, but temporally reversed excitatory and inhibitory synaptic inputs are evoked in response to opposing directions of FM sweeps. The construction of such temporal asymmetry, resulting DS, and its topography can be attributed to the spectral disparity of the excitatory and the inhibitory synaptic tonal receptive fields.
INTRODUCTION
Sensitivity to spatially or spectrally moving stimuli is fundamental to processing in sensory systems, for example, for the detection of an object's movement by the visual system or a whisker's deflection by the somatosensory system (Monier et al., 2003; Wilent and Contreras, 2005) . In the auditory system, the direction of frequency-modulated (FM) sweeps is an important acoustic cue in animal communication and human speech (Doupe and Kuhl, 1999; Holy and Guo, 2005; Wang, 2000; Zeng et al., 2005) . Many auditory neurons across different animal species respond robustly to a preferred direction of FM sweeps, whereas few spikes are evoked by the opposite or null direction (Hage and Ehret, 2003; Nelson et al., 1966; Suga, 1968) . Along the central auditory pathway of rats, such neurons have been observed in the inferior colliculus (Clopton and Winfield, 1974; Felsheim and Ostwald, 1996; Rees and Møller, 1983) , the medial geniculate body (Lui and Mendelson, 2003) , and the auditory cortex (Ricketts et al., 1998; Ye et al., 2010; Zhang et al., 2003) . Direction selectivity (DS) of cortical neurons is inherited from their excitatory inputs and shaped by cortical inhibition, and its topography is highly correlated with the tonotopic map (Zhang et al., 2003) .
Because the selectivity for FM direction is not observed in the auditory nerve fibers (Sinex and Geisler, 1981) , the inputs to the central auditory system, it is reasonable to assume that direction selectivity and its topography emerges somewhere between the cochlear nuclei and the auditory cortex. Previous studies suggest that the inferior colliculus is the major processing stage at which direction selectivity is constructed, because most of the cells in lower auditory nuclei are not direction selective, especially in rats (Moller, 1969; Poon et al., 1992) . Two mechanisms are hypothesized to explain the emergence of direction selectivity (Gittelman et al., 2009; Suga, 1968) . One hypothesis relies on the temporal asymmetry between excitation and inhibition, in which the preferred direction activates excitatory inputs first, whereas the null direction activates inhibitory inputs first. The second hypothesis depends on the temporal coincidence of the arrival of the synaptic inputs, in which the preferred direction activates more coincident excitatory inputs or less coincident inhibitory inputs, whereas the situation is reversed for the null direction. It is worth noting that to prove either hypothesis requires a clear dissection of synaptic inputs to the identified DS neurons. Recently, several studies suggested that inhibition shapes neurons' direction selectivity, which is inherited from presynaptic neurons at different processing stages (Gittelman et al., 2009; Ye et al., 2010; Zhang et al., 2003) . However, to understand the synaptic circuitry mechanisms that generate direction-selective responses, we have to target those DS neurons receiving nonselective inputs and directly examine both their excitatory and inhibitory inputs in sufficient detail.
In this study, by using multiunit recording techniques, we mapped all the three major subcortical nuclei of the central auditory pathway, including the cochlear nuclei (CN), the inferior colliculus (IC), and the medial geniculate body (MGB) of rats, to search for DS neurons and their topography. With cell-attached (loose-patch) recordings followed by juxtacellular labeling, we identified the morphology of DS neurons in the IC post hoc. By applying in vivo whole-cell current-clamp and voltage-clamp recording techniques, we examined the direction selectivity of excitatory inputs, inhibitory inputs, and membrane potential changes evoked by FM sweeps from the same neuron. We also revealed the spectrotemporal patterns of excitatory and inhibitory synaptic tonal receptive fields (TRFs) in DS neurons, because they might be the major determinants underlying the responses to FM sweeps (Andoni et al., 2007; Atencio et al., 2007; deCharms et al., 1998; Felsheim and Ostwald, 1996; Schnupp et al., 2001; Ye et al., 2010) . Our data indicate that the topography of direction selectivity observed in the primary auditory cortex can be traced as early as to the IC. For neurons in the IC, direction selectivity is constructed by the temporal interplay between excitatory and inhibitory synaptic inputs that are not direction selective, instead of the coincidental excitatory inputs in response to the preferred direction or coincident inhibitory inputs evoked by the null direction. Such temporal imbalance of excitation and inhibition and DS topography can be attributed to the spectral disparity of DS neurons' synaptic receptive fields, in which much broader inhibitory input receptive fields with extended frequency domains were observed. These findings also imply that synaptic input circuitry can be the underlying substrates of neurons' functional properties and organizational topography.
RESULTS

Topography of Direction Selectivity in the Subcortical Auditory Nuclei
To investigate the spatial distribution and the response properties of neurons in the subcortical auditory nuclei, we carried out multiunit extracellular recordings to determine where the salient responses to pure tone pips and the direction of FM sweeps could be located. Pure tone pips with various frequency-intensity combinations were used to map the frequency-intensity tonal receptive field for spike responses (spike TRF) at each recording site. The characteristic frequency (CF) was then determined as the frequency to which the neurons were most sensitive. Spike responses to FM sweeps at various speeds were examined at different intensities. A direction selectivity index (DSI) was calculated for the responses to the pairs of opposing directional sweeps with the same speed and intensity. A DSI with a positive value indicates upward direction selectivity, whereas a DSI with a negative value indicates downward direction selectivity (see Experimental Procedures). We focused on the core afferent pathway connecting the auditory nerve and the primary auditory cortex, so only the recording sites in the CN, the central nucleus of the inferior colliculus (CNIC), and the ventral nucleus of medial geniculate body (MGBv) were considered in this study . In total, 91 sampling sites from the CN (46 from the dorsal cochlear nucleus, DCN; 23 from posteroventral cochlear nucleus, PVCN; and 22 from the anteroventral cochlear nucleus, AVCN), 115 sampling sites from the CNIC, and 82 sampling sites from the MGBv were included ( Figure 1A ; also see Experimental Procedures). The spike tonal receptive fields of three representative recording sites at different depths of the CNIC are shown here (Figure 1B, left) . Neurons in the CNIC were tonotopically organized with low CF neurons clustered dorsally and high CF neurons clustered ventrally, which is consistent with previous studies ( Figure 1C , left) (Clopton and Winfield, 1973) . A raster plot of the spikes evoked by FM sweeps at various speeds is shown for the corresponding sites ( Figure 1B , right). There were no evident intensitydependent differences, except around the intensity threshold of the recording sites where a large variation of spike numbers was observed (see Figure S3A , available online), which is consistent with the observation in the auditory cortex (Ricketts et al., 1998; Zhang et al., 2003) . Neurons sensitive to upward sweeps were distributed more toward dorsal areas, whereas those sensitive to downward sweeps were located more in ventral areas (Figure 1C, right) . Units with strong direction selectivity were considered as those with an absolute DSI greater than 0.33, which indicates that the response level to the null direction is only half of that to the preferred direction (Mendelson and Cynader, 1985) . In the CNIC, 11 out of 18 recording sites with CF less than 4 kHz had a DSI greater than 0.33, and all sites except 2 had positive DSI; while 8 out of 21 recording sites with CF greater than 16 kHz had a DSI less than À0.33, all except 2 had negative DSI ( Figure 1D , black square). To examine whether such topographic correlation of CF and DSI is inherited from lower auditory nuclei and whether it is preserved in higher auditory nuclei, we also examined the CN and the MGBv, which are directly connected with the CNIC (see Figure S2 ). FM direction selectivity was topographically ordered in parallel with CF in the CNIC and the MGBv, while such correlation was not obvious in the CN ( Figure 1D ). Our results suggested that the topography of DS in the primary auditory cortex can be originated from the CNIC.
Cell-Attached Recording and Juxtacellular Labeling of DS Neurons
How does a single neuron represent the direction of FM sweeps? Is it possible that the weak DSIs of cochlear nuclei neurons derived from multiunit recordings are due to a mixture of nearby cells with opposite preferred directions? To extract accurate spike timing and DSI information, we applied cell-attached recording, or ''loose patch recording,'' to target single neurons in the CN and the CNIC for spike measurement, which ensured a high fidelity of single-unit isolation (Hromá dka et al., 2008; Wu et al., 2008) . To determine the CF of a single neuron, we recorded its spiking receptive field. Figures 2A and S3C show three representative cells with low, middle, and high CFs in the CNIC and the CN, respectively. The corresponding histograms of responses to FM sweeps at various speeds are also shown ( Figures 2B and S3D ). In the CN, cell-attached recordings demonstrated even more negligible DSIs (DSI range of multiunit recordings: À0.25-0.26; DSI range of cell-attached recordings: À0.08-0.06). It indicates a lack of direction selectivity and topography at the single-cell level in the CN. In the CNIC, the DSIs of the recorded cells were also highly correlated with their CFs (Figure 2C) . Based on the morphology of the cells successfully recovered after juxtacellular labeling or intracellular labeling, we found that the neurons we recorded have flat-shaped dendrites and soma with diameters of $20 um ( Figure 2E ). It is reasonable to assume that our recording methods selected larger cells in the rat IC (Ito et al., 2009; Poon et al., 1992) . Upward FM sweeps evoked spikes strongly in the neurons with low CF, whereas downward sweeps evoked spikes robustly in the high CF neurons. For neurons showing stronger direction selectivity (with an absolute DSI greater than 0.33), the temporal jitters were also strikingly smaller in the preferred direction than in the null direction (0.65 ± 0.45 ms versus 4.44 ± 3.45 ms [SD] ), indicating that the precision of firing in DS neurons is sensitive to direction ( Figure 2D ). It has been suggested that spike waveforms of excitatory versus inhibitory neurons in the neocortex can be distinguished according to different peak versus trough amplitude ratios and peak-to-trough time intervals (Joshi and Hawken, 2006; Niell and Stryker, 2008; Wu et al., 2008) . However, the analysis of all the cells we encountered in the CNIC showed neither a bimodal distribution of peak-totrough intervals nor a correlation of peak-to-trough intervals and DSI by this strategy ( Figure S3B ). To test whether the difference in spike precision for the responses to opposing directions is due to coincidental or scattered synaptic inputs or reflects a circuitry mechanism, we next dissected the major excitatory and inhibitory inputs to those DS neurons.
Excitatory and Inhibitory Synaptic Inputs Underlying Direction Selectivity
To understand synaptic mechanisms underlying direction selectivity in the IC, we performed in vivo whole-cell recordings on identified DS neurons. Most of the previous studies on the direction selectivity of FM sweeps were based either on analyzing membrane potential changes by current-clamp recordings or measuring synaptic inputs by voltage-clamp recordings (Gittelman et al., 2009; Ye et al., 2010; Zhang et al., 2003) . The former method cannot reveal neurons' synaptic inputs directly, while the latter cannot demonstrate whether the output is also direction selective, so we applied both in vivo current-clamp and voltage-clamp whole-cell recordings to the same IC neurons. One of the major challenges of performing high-quality voltage-clamp recordings in the deep brain regions is the long traveling distance of recording electrodes through the brain tissue, which causes significant contamination of the electrode tips (Margrie et al., 2002) . We designed a coaxial electrode system for deep brain-region recordings that is driven by separate micromanipulators ( Figure S4A and Experimental Procedures). This system prevents electrode contamination by reducing the actual traveling distance of electrodes in the brain tissue. An example of a DS neuron is shown in Figure 3 . The changes of membrane potentials in response to two opposing directions of FM sweeps were recorded under the current-clamp mode ( Figure 3A) . By examining the cell's membrane potential changes evoked by FM sweeps at various speeds, we determined the DSI of membrane potential changes for the recorded neuron (Figure 3B) . For this neuron, upward direction was defined as the preferred direction for FM sweeps, because it evoked large depolarization of the cell's membrane potential, whereas downward direction was assigned as the null direction, because it generated large hyperpolarization. The DSI of the membrane potential change for this neuron was greatest for a sweep speed of 70 octaves/s. Note that for the following high-quality voltage-clamp recordings, spikes of the recorded neuron were blocked due to QX-314, which was included in the intracellular solution. Previous studies demonstrated that the subthreshold responses and their DSIs under such circumstances were highly correlated with spike responses and their DSI (Wu et al., 2008; Ye et al., 2010) . Thus, the direction selectivity of those recorded neurons under our experimental conditions can be represented by the subthreshold membrane potential responses with reasonable fidelity.
After switching to the voltage-clamp mode, excitatory inputs were measured by clamping the neuron's membrane potential at À70mV, the potential levels close to the reversal potential for GABA A receptors, whereas inhibitory inputs were recorded at 0mV holding potential, the reversal potential for glutamate receptors' mediated currents ( Figure 3C ). In response to FM sweeps at the speed of 70 octaves/s, neither the excitatory nor the inhibitory inputs were direction selective, which suggests that the cell's direction selectivity is not inherited from afferent inputs (Figure 3D) . It implies that the direction selectivity of its membrane potential changes must be constructed within this cell. Linear current-voltage relationship (I-V curve) was observed for the recorded synaptic currents evoked by the CF tones of the recorded neurons at 60 dB SPL ( Figure 4B ). The derived reversal potential for the early component of these currents (mainly excitatory) was 0 ± 6mV (SD), close to the known reversal potential for glutamatergic currents. These data suggest that under our voltage-clamp recording conditions, synaptic inputs that contributed to the recorded currents were detected with reasonable accuracy (see Experimental Procedures). Previous intracellular studies suggested that inhibition might play an important role in shaping direction selectivity of auditory neurons (Gittelman et al., 2009; Ye et al., 2010; Zhang et al., 2003) . To examine the interaction of synaptic excitation and inhibition, we derived excitatory and inhibitory conductance from recorded synaptic inputs ( Figure 4A ).
An FM sweep at the optimal speed and the preferred direction produced a fast, large, and transient increase of the excitatory conductance, which was followed by a large inhibitory conductance ( Figures 4A, left, and 4E ). The null direction sweep evoked similar excitation, but the inhibition preceded excitation (Figures 4A, right, and 4E) . The magnitude of the excitatory and inhibitory conductances for the opposing directions and their ratio did not show significant difference (Figures 4D and S4D ; p > 0.05, paired t test). Therefore, excitation was suppressed to a larger extent by preceding inhibition in the null direction. Interestingly, with slower speed sweeps, we noticed that both preferred and null direction sweeps evoked large and transient excitatory conductances, whereas inhibitory conductances were scattered throughout the duration of FM sweeps ( Figures S4C and S4D ). This suggests that a coincident arrival of inhibitory inputs at the optimal speed might occur without regard to sweep directions. Twenty-six neurons in the CNIC were recorded under the voltage-clamp mode. Among them, 17 neurons' membrane potential changes were also measured. The DSI of membrane potential changes were well correlated with the cell's CF, whereas both excitatory and inhibitory inputs were not (Figure 4C) . Group data demonstrated an amplitude-balanced inhibition and a temporally reversed inhibition evoked by opposing directions (Figures 4D and 4E) .
To further examine the contribution of the temporal asymmetry between excitation and inhibition to the direction selectivity, we used a single-compartment neuron model to simulate membrane potential responses ( Figure S4E ) (Zhou et al., 2010) . When the excitatory input and the inhibitory input arrived at the same time, the membrane potential change was not strong enough to pass the action potential threshold to evoke spikes. However, when the excitatory input preceded inhibitory input, especially by more than 2 ms, the amplitude of the depolarization increased nonlinearly and could exceed the spike threshold. In comparison, when the inhibitory input preceded the excitatory inputs, the membrane potentials were hyperpolarized first and then depolarized to a lesser extent, that is, below the threshold for all the tested temporal relationships. It implies that the direction-selective membrane potential output is sensitive to the temporal asymmetry of nonselective excitatory and inhibitory inputs received by DS neurons. To examine what is the synaptic mechanism underlying such temporal asymmetry of excitation and inhibition, and whether there is a coincidental arrival of synaptic inputs, we next had to acquire the spectrotemporal pattern of both excitatory and inhibitory inputs within their receptive fields.
Disparity of Receptive Fields of Excitatory and Inhibitory
Synaptic Inputs FM sweeps can be decomposed into a series of tone pips with continuously changing frequencies. To address the construction of the temporal imbalance of excitatory and inhibitory inputs to opposing directional sweeps, we examined the neuronal synaptic receptive fields using tone pips, which are suggested to be a major determinant of sweep responses (deCharms et al., 1998; Kowalski et al., 1996; Schnupp et al., 2001) . Figure 5A shows the excitatory and inhibitory synaptic receptive fields of a DS neuron selective to upward sweeps (DSI: 0.56). The size of the excitatory synaptic receptive field of this neuron was much smaller than that of the inhibitory synaptic receptive field ( Figures 5A and 5B ). This was a prominent characteristic of DS neurons that we encountered in the IC ( Figure 5B ; Figure S5 shows the raw traces of neurons presented here). The bandwidths of the inhibitory inputs were much wider than that of the excitatory inputs for DS neurons ( Figure 5C ). Our data indicate that the receptive fields of the excitatory inputs were not balanced or overlapped with that of the inhibitory inputs, which differs from cortical DS neurons (Wehr and Zador, 2003; Zhang et al., 2003) . However, the inhibitory inputs to pure tones were always delayed to the excitatory inputs by 1-3 ms across the tested frequency domain, which suggests feedforward disynaptic connections of inhibitory neurons to the recorded neurons ( Figure 5D ) (Wehr and Zador, 2003; Zhang et al., 2003) . The flat distribution of the onset latencies of the synaptic inputs evoked by tone pips rules out the existence of systematically delayed synaptic inputs crossing the frequency domain ( Figure 5D ).
We also observed spectral asymmetry of synaptic receptive fields ( Figures 5A-5C ). For the low CF neurons with upward selectivity, the excitatory and inhibitory inputs overlapped at low frequencies, but the inhibitory inputs extended beyond the excitatory synaptic receptive fields into high frequencies. For the high CF neurons with downward selectivity, the excitatory and inhibitory inputs overlapped at high frequencies, but the inhibitory inputs extended beyond the excitatory synaptic receptive field into low frequencies. For the middle CF neurons showing weak direction selectivity, their synaptic receptive fields of excitatory and inhibitory inputs were overlapped and covaried. Our results suggest that such configurations of excitatory and inhibitory input receptive fields might be the synaptic substrate underlying the topography of direction selectivity observed in higher auditory nuclei, e.g., primary auditory cortex (Zhang et al., 2003) .
To understand how the temporal asymmetry is generated as in Figure 4 , we tested whether the onset and the duration of each response evoked by FM sweeps were reflected by the timing of the sweep's intersection with the TRFs of the synaptic responses. We compared the timing of the FM-evoked synaptic responses and the calculated timing of responses when the frequency component of FM sweep putatively reached to the boundaries of TRFs. The highly correlated relationship suggests that the temporal imbalance of excitation and inhibition evoked by opposing directions of FM sweeps can be attributed to the asymmetric extension of inhibitory synaptic input receptive fields ( Figure 5E ).
DISCUSSION DS Neurons in the Auditory System
In the visual or somatosensory system, direction selectivity has been observed at the very beginning of sensory processing; for example, neurons in the retina or the peripheral afferents innervating whisker follicles have already shown direction selectivity (Fried et al., 2002; Lichtenstein et al., 1990) . However, in the auditory system, the eighth nerve fibers conveying auditory information from the cochlea to the cochlear nucleus show symmetrical discharge patterns in response to ascending and descending portions of a frequency-modulated signal, which suggests their lack of selectivity to the direction of FM sweeps (Britt and Starr, 1976; Sinex and Geisler, 1981) . This implies that DS neurons have to be constructed by neural circuitry mechanisms in the central pathway. The core central auditory pathway includes the cochlear nuclei, the central nucleus of the IC, the ventral portion of the medial geniculate body, and the primary auditory cortex . It is generally believed that DS is constructed in the subcortical nuclei of auditory processing (Britt and Starr, 1976; Casseday et al., 1997; Clopton and Winfield, 1974; Fuzessery and Hall, 1996; Poon et al., 1992) . However, the exact location in which DS is constructed is somewhat controversial: neurons with asymmetrical discharge patterns to ascending and descending portions of FM signals were found as early as in the cochlear nuclei in cats (Britt and Starr, 1976; Erulkar et al., 1968) , whereas they are not prominent (A) Top: a low CF neuron preferring upward sweeps is shown with excitatory (blue) and inhibitory (red) synaptic conductance evoked by two directions at 70 octave/s. Bottom: a high CF neuron preferring downward sweeps is shown with excitatory (blue) and inhibitory (red) synaptic conductance evoked by two directions at 140 octave/s. The relative delay of inhibition to excitation (I-E) is shown by the relative positions of 50% rise of excitatory (blue) and inhibitory (red) conductance. (B) I-V relation from the neuron shown in the top panel of (A). I-V curves for currents averaged within the 7-10 ms time window after the tonal stimulus onset. ''r'' is the correlation coefficient. Inset, averaged synaptic currents (five repeats) evoked by a tone at 1.5 kHz (CF) and 60 dB SPL at different holding potentials, as indicated. Error bar represents SEM. (C) Correlation between the CFs of neurons determined from their excitatory synaptic TRFs and DSIs of PSP, EPSC, and IPSC at the optimal speeds based on DSI of PSP. Correlation coefficients are shown in the corresponding colors: r M , membrane potential change; r E , excitatory input; r I , inhibitory input. Error bar represents SD. (D) Top: total evoked conductance magnitudes (normalized total evoked electric charge) of excitatory and inhibitory conductances evoked by opposing directions. P, preferred direction; N, null direction; error bar represents SD. Bottom: ratio of the amplitude of inhibitory conductance to that of excitatory conductance evoked by opposing directions. Error bar represents SD. p > 0.05, paired t-test. (E) Relative delay of inhibition to excitation, I-E, at optimal FM sweeps in response to opposing directions. Error bar represents SD. p < 0.03, paired t-test.
Neuron
Direction Selectivity in Auditory System in the cochlear nuclei of bats or rats (Moller, 1969 (Moller, , 1974 Suga, 1964 Suga, , 1965 . To avoid such complications caused by species' differences, we performed systematic studies at different stages of central auditory processing in rats.
Our recordings in the cochlear nuclei of the rat only demonstrate a negligible DS compared to that of IC neurons: compared to 0.75 of IC neurons, the maximal absolute DSI of CN neurons is 0.21, which is less than 0.33, the criteria for strong direction selectivity. The percentage of DS neurons in the rat's IC has been addressed by several studies that used different FM stimuli and yielded different results, ranging from 10% to 80% (Felsheim and Ostwald, 1996; Poon et al., 1991 Poon et al., , 1992 Vartanian, 1974 Figure S5 . demonstrates an increased correlation of DSI and CF along the ascending auditory pathway (correlation coefficients: À0.12 in CN, À0.73 in CNIC, and À0.81 in MGBv), compared with À0.87 in A1 (Zhang et al., 2003) . The ratio of upward direction-selective neurons to downward direction-selective neurons also differs among different species, as well as their correlation with CFs. In the IC or the auditory cortex of ferrets or rats, neurons selective to upward or downward direction are roughly equally abundant (Clopton and Winfield, 1974; Nelken and Versnel, 2000; Poon et al., 1991; Zhang et al., 2003) , whereas in bats, neurons are biased with downward FM selectivity (Andoni et al., 2007; Razak and Fuzessery, 2006; Suga, 1968; Voytenko and Galazyuk, 2007) . However, the functional significance behind such differences across various species is still unclear. Our results suggest that the primary location for the conversion of non-direction-selective inputs to direction-selective output responses is the inferior colliculus, but not the cochlear nuclei, in rats.
Conversion of Non-Direction-Selective Inputs to Direction-Selective Outputs Previously, two mechanisms have been proposed to explain the creation of direction selectivity (Fuzessery and Hall, 1996; Gittelman et al., 2009; Suga, 1968) . They are based either on the temporal asymmetry between excitation and inhibition or the temporal coincidence of the arrival of synaptic inputs in response Neuron Direction Selectivity in Auditory System to opposing directions. To fully understand the conversion from nonselective inputs to selective outputs, we performed both voltage-clamp and current-clamp recordings to directly measure both excitatory and inhibitory synaptic currents of the IC neurons and to confirm the direction selectivity of membrane potential changes that reflect the output of these neurons.
A few recent studies demonstrated that direction-selective inputs were inherited from presynaptic neurons by measuring either membrane potential changes or synaptic currents, but not both, in which the mechanisms underlying the generation of direction selectivity were still not inferred (Gittelman et al., 2009; Ye et al., 2010; Zhang et al., 2003) . In the study of Gittelman and colleagues, they derived synaptic conductances from the membrane potential changes recorded under the currentclamp mode. Because hyperpolarization-activated currents prevail in the IC neurons, such nonlinearity might generate errors in the estimation of synaptic inputs from membrane potential responses, especially in current-clamp mode with hyperpolarizing currents or without the control of the membrane potentials (Nagtegaal and Borst, 2010) . Based on their experimental procedures and presented data, a large number of second-order neurons inheriting direction selectivity were encountered in the bat's IC. Their acoustic stimulation of band-pass FM sweeps (1 octave between the starting frequency and the ending frequency) with various starting frequency might also complicate the study of neural circuit mechanisms, especially without information on the tuning curve or receptive field, because the frequency range of the FM sweeps in their study was much smaller than the hearing range for bats (20-120,000 Hz). The FM stimulation we used covers most of the hearing range of rats, as demonstrated by the receptive fields for each recorded DS neuron (Figures 1 and 5) , and was comparable to the stimuli used in the previous studies of synaptic mechanisms in cortical and thalamic DS neurons (Lui and Mendelson, 2003; Mendelson and Cynader, 1985; Ye et al., 2010; Zhang et al., 2003) .
In the present study, larger air pressure (around 4 psi) was applied during the process of searching neurons, which allowed us to target projection neurons with larger cell bodies ( Figure 2E ) (Ito et al., 2009; Poon et al., 1992; Wu et al., 2006 Wu et al., , 2008 . We observed that nonselective excitatory and inhibitory inputs were received by neurons with direction-selective outputs. It suggests that the construction of direction selectivity occurs for those neurons in rats. Both the amplitude and the time course of excitatory and inhibitory inputs did not show much difference in response to opposing directions. This suggests that the coincidental excitatory postsynaptic current (EPSC) or inhibitory postsynaptic current (IPSC) might not be required for generating direction selectivity. Our results did not demonstrate differential delays of excitatory inputs across frequency domains, in contrast to cortical neurons (Ye et al., 2010) . It suggests that such a strategy might contribute to enhance direction selectivity in higher auditory nuclei but might not be the determinant of creating direction selectivity in the first place.
When we analyzed the temporal relationship between excitatory inputs and inhibitory inputs, a difference in FM speed was noticed. When FM sweeps were delivered in the preferred direction with an optimal speed, the inhibitory inputs followed the excitatory inputs. In the null direction, the inhibitory inputs preceded excitatory inputs. Such configuration of input timing is consistent with the first hypothesis of asymmetrical inhibition to the opposing directions. However, we noticed that, at nonoptimal speeds, the excitatory inputs were similar for both sweep directions, but the inhibitory inputs were more scattered or less coincidental ( Figures S4C and S4D) . Thus, the inhibitory inputs were not able to strongly suppress excitation, which resulted in weaker direction selectivity at speeds other than the optimal.
Temporal Representation of Direction Selectivity and Balanced Inhibition
Cell-attached recording reveals how single neurons represent direction selectivity. One prominent observation is the highly precise spike firing of DS neurons in response to preferred direction sweeps (Figure 2) . At the optimal speed and preferred direction, the temporal jitter of evoked first spikes was as little as 0.65 ms, compared with 4.44 ms in the null direction. How is this temporal precision created? Reminiscent of auditory cortical neurons or hippocampal neurons, inhibitory inputs followed excitatory inputs with a brief delay, which suggests that balanced inhibition could sharpen spike responses temporally and reduce random firing by rapidly quenching excitation and limiting the temporal window for summation (Pouille and Scanziani, 2001; Wehr and Zador, 2003; Wu et al., 2006) . In the DS neurons in which we recorded the excitatory and inhibitory inputs, a similar temporal pattern was observed in response to the preferred direction ( Figures 4A and 4E ). In the null direction, preceding inhibition might underlie the reduced spike activities and the increased temporal jitters, because it strongly suppressed the earlier phase of the excitation, but not the later phase (Figures 1 and 2) (Gittelman et al., 2009; Ye et al., 2010; Zhang et al., 2003) . Moreover, although excitation and inhibition were proportionally balanced in response to both directions at nonoptimal speeds, with inhibitory inputs spreading out over a longer time window than that at the optimal speed, the spikes were highly scattered, which is consistent with previous modeling work (Figure 2 ; Figures S4C and S4D ) (Wehr and Zador, 2003) . Previous studies show that DS is largely reduced or eliminated when inhibition is blocked (Fuzessery and Hall, 1996; Koch and Grothe, 1998; Razak and Fuzessery, 2006) , and inhibition underlies the spike generation mechanisms that sharpens DS by gain control (Gittelman et al., 2009; Ye et al., 2010) . Our results suggest that inhibition not only scales down the response level in the null direction of FM sweeps, but also increases the temporal precision of a DS neuron's firing by locking to excitation in the preferred direction.
Nonoverlapping Synaptic Receptive Fields of Excitatory and Inhibitory Inputs
The synaptic input circuits that generate DS appear to be different from those that shape DS. In primary auditory cortical neurons, inhibition sharpens direction selectivity, which can be attributed to the asymmetric and skewed pattern of their synaptic TRFs (Zhang et al., 2003) . Synaptic TRFs of those neurons are marked by covaried tone-evoked excitatory and inhibitory synaptic inputs (Wehr and Zador, 2003; Zhang et al., 2003) . This balanced inhibition suggests a feedforward inhibition circuit: the presynaptic GABAergic neurons may be innervated by the same set of thalamocortical afferents as the recorded A1 cell, which is similar to previously proposed circuitry for other sensory cortices (Miller et al., 2001) . In the present study, from recordings made in the IC, the excitatory and inhibitory inputs of DS neurons were not covaried. It suggests that an imbalanced inhibition might come from the interneurons innervated by a larger group of projection neurons in the cochlear nuclei, whereas the excitatory inputs have fewer innervations from the cochlear nuclei or recurrent connections. Until recently, imbalanced inhibition had not been observed for normal sensory processing. Recordings of cortical intensity-selective neurons demonstrated that temporally imbalanced inhibition sharpened the intensity selectivity that was inherited from afferent inputs, although the excitatory and inhibitory synaptic TRFs were still overlapped (Wu et al., 2006) . Our study reveals that imbalanced inhibition is prominent in the subcortical nucleus to a much larger extent. Such imbalance is reflected by the extension of inhibitory inputs toward higher-frequency areas for low CF and upwardselective neurons or toward low-frequency areas for high CF and downward-selective neurons, which might also underlie the topographic organization of DS neurons. It is reasonable to posit that to create direction selectivity, instead of only sharpening the inherited direction selectivity, a much stronger inhibition must be entrained. The inhibitory inputs with broader TRFs and asymmetrical temporal patterns evoked by FM sweeps indicate that imbalanced inhibition is crucial for the emergence of feature selectivity and functional topography. Although lower auditory stages showed a minimal number of DS units, they might share the same mechanisms to create direction selectivity as what we found in the IC neurons, because they should receive direction-non-selective inputs from the auditory nerve fibers, and inhibitory neurons in the cochlear nuclei are abundant (Godfrey et al., 1978; Sinex and Geisler, 1981) .
In conclusion, our results elucidated how a neural circuit generates direction selectivity by the spectrotemporal patterns of excitatory and inhibitory TRFs and resulting temporally imbalanced inhibition in the auditory system. It shed light on our understanding of the synaptic mechanisms underlying the creation of feature selectivity. Further understanding of the sources and anatomical structure of imbalanced inhibition will be needed for a more realistic model of feature selectivity.
EXPERIMENTAL PROCEDURES Extracellular Recording
All experimental procedures were applied in accordance with National Institute of Health guidelines and were approved by the California Institute of Technology Animal Care and Use Committee. Recordings were carried out in a sound-proof booth (VocalBooth). Female Sprague-Dawley rats about 3 months old and weighing 250-300 g were anaesthetized with ketamine and xylazine (ketamine: 45 mg/kg; xylazine: 6.4 mg/kg; intraperitoneally [i.p.]). The body temperature was maintained at 37.5 C by a feedback heating system (Harvard Apparatus). Multiunit spike responses were recorded with parylene-coated tungsten microelectrodes (FHC) (Wu et al., 2006 (Wu et al., , 2008 Zhang et al., 2003) . Electrode signals were amplified (AM systems), bandpass filtered between 300 and 6,000 Hz, and then thresholded in custommade software (LabView, National Instrument) to extract the spike times. Sound was delivered through the earphone inserted into the left ear canal, with the right ear canal plugged (STAX SR-003). Pure tones (0.5-64 kHz at 0.1 octave intervals, 100 ms duration, 3 ms ramp) at eight 10-dB-spaced sound intensities were delivered pseudorandomly. Logarithmic FM sweeps between 0.5 and 64 kHz with speeds of 14-700 octaves/s were generated with pseudorandomized order. Earphones were calibrated at 70 dB SPL with deviation of ±2 dB SPL for the testing frequency range before experiments (2691-A-0S2, Brü el and Kjaer). Total harmonic distortion was less than 1.5%.
Histology and the Verification of Recording Locations
In this study, premapping by extracellular recordings was always performed to locate subdivisions of CN, IC, and MGB before cell-attached recordings or whole-cell recordings. To further confirm the correlation of the physiological criteria we applied and the anatomical structures of subdivisions, we labeled the recording penetrations of electrode tracks with fluorescent dye DiI, which consistently marked all the penetration tracks and had no effects on neural responses when DiI-coated electrodes were used ( Figure S1 ) (DiCarlo et al., 1996; Hickmott and Merzenich, 2002; Lim and Anderson, 2007; Mauger et al., 2010) . This dye was used in our experiments so that the penetration locations on the surface and the location of the final recording sites for each penetration can be retrieved ( Figure S1 ). It does not require lesions to mark the track, which damages the local circuits and affects neural activities. Moreover, because we used a digital reader to monitor the depth of each recording site in micrometer precision, it was possible for us to retrieve the electrode locations and reconstruct several tracks right after multiple electrophysiological recordings.
After electrophysiological recordings, the rats were injected with an overdose of ketamine and xylazine (i.p.) and were transcardially perfused with 4% paraformaldehyde. Before sectioning, the brains were transferred to 30% sucrose in phosphate buffer saline. The brains were then frozen and sectioned at 50 mm transversely. The sections were then examined under the fluorescent microscope and imaged by an AMSCOPE MD600E camera. After fluorescent imaging, the sections were crossstained by crystal violet or neutral red. Cochlear Nuclei Recordings in both dorsal cochlear nucleus (DCN) and ventral cochlear nucleus were made, because they are directly innervated by auditory nerve fibers and constitute major projections to the contralateral CNIC of rats (Beyerl, 1978; Druga and Syka, 1984; Tokunaga et al., 1984) . Subdivisions of CN were identified physiologically by their distinct tonotopic organizations and histologically, as shown in Figure S1G and previous studies (Kaltenbach and Lazor, 1991; Kopp-Scheinpflug et al., 2002; Malmierca et al., 2002 Malmierca et al., , 2005 Oliver et al., 1997; Rose et al., 1960; Young and Brownell, 1976) . Left DCN was easily identified by its bulgy prominence on the surface of the brainstem and its surface tonotopic organization ( Figure S1G , top panels) (Kaltenbach and Lazor, 1991; Young and Brownell, 1976) . The anteroventral cochlear nucleus (AVCN) was determined by its relative rostraventral location to DCN and its CF gradients that demarcated the AVCN, as in bottom panels of Figure S1G ; the posteroventral cochlear nucleus (PVCN) was identified by its deeper location than DCN and the discontinuity in CF gradients along dorsal-ventral axis when electrodes were moving into PVCN from DCN during penetration ( Figure S1G , middle panels) (Bourk et al., 1981; Kopp-Scheinpflug et al., 2002; Young et al., 1988) . Inferior Colliculus A guided tube was lowered to penetrate through the right neocortex and positioned above midbrain; recording electrodes were cocentralized with the guiding tube during penetration ( Figures S4A and S4B) . Premapping of inferior colliculus was carried out by sequentially recording from an array of sampling sites with spacing of 50 mm. As shown in Figures S1A and S1B, three recording tracks can be reconstructed and located. The CNIC can be distinguished from the other two major subdivisions (dorsal cortex and external nucleus of inferior colliculus) by its anatomical stereotactic position and its abundance of neurons showing sustained firing ( Figures S1B and S1E) ; dorsal-ventral tonotopic organization of frequency representations ( Figure S1C) ; their spectral properties and response latencies ( Figures S1D and S1E) ; and clear receptive fields (Figure S1E) , also as described in previous studies (Aitkin et al., 1975 (Aitkin et al., , 1994 Clopton and Winfield, 1973; Lumani and Zhang, 2010; Merzenich and Reid, 1974; Oliver, 2005; Ramachandran et al., 1999; Syka et al., 2000) .
Auditory Thalamus
We systematically mapped the MGB with extracellular recordings in a threedimensional manner by varying the depth and x-y coordinates of the electrode.
A recording track passing dorsal portion of medial geniculate body and MGBv were recovered from fluorescent labeling and histology ( Figure S1F, top) . We identified MGBv, which projects to A1 , according to its tonotopy of frequency representation and the relatively sharper spike TRFs seen there than in other MGB divisions ( Figure S1F ) (Bordi and LeDoux, 1994; Calford and Webster, 1981; Liu et al., 2007; Winer et al., 1999) .
Cell-Attached Recording and Juxtacellular Labeling
Glass pipettes were filled with filtered artificial cerebrospinal fluid solution containing 0.5% neurobiotin for cell-attached recordings. Recordings were made with Axopatch 200B (Molecular Devices). Under the voltage-clamp mode, a holding potential of À40mV was used to monitor the change of resistance and currents in the circuit. Once the resistance reached 0.2-1 giga Ohm, it indicated that a loose seal between the pipette tip and the cell's membrane was formed. It allowed spikes only from the patched cell to be picked up. Then recording was done with switching off the holding voltage. Spike responses were reflected by the current spikes (Figures 2A and S3C-S3E ). Signals were filtered at 0.1-10 kHz. Spike waveforms were determined offline by custom-developed LabView software. After recording, current pulses were applied at 0.25-1 nA for 200 ms on and 200 ms off for up to 20 min (Joshi and Hawken, 2006; Wu et al., 2008) . Noise-evoked spike responses were simultaneously monitored to identify any changes that might reflect damages to cell or current drifting of the recording pipette.
In Vivo Whole-Cell Recording Whole-cell recordings (Margrie et al., 2002; Wu et al., 2006 Wu et al., , 2008 Wehr and Zador, 2003) were targeted to neurons within the depth of 1,500-3,700 mm beneath the surface of the midbrain. Our coaxial electrode system also largely reduced the brain pulsation for most of the neurons we recorded. Occasionally, we removed a small portion of the parieto-occipital cortex above the midbrain and covered the skull opening with 4% agarose to prevent larger brain pulsation. We did not observe any response differences before and after the portion of neocortex was removed, as indicated in Figure S4B . The glass pipette (4-7 MU) was loaded with intracellular solution for voltage-clamp recordings, containing 125 mM Cs-gluconate, 5 mM TEA-Cl, 4 mM MgATP, 0.3 mM GTP, 10 mM phosphocreatine, 10 mM HEPES, 0.5 mM EGTA, and 2 mM CsCl. pH value was adjusted to 7.25, and the osmolarity was adjusted to 295-305 mM. To improve the voltage clamping of cell's membrane, we included 5 mM QX-314 (Nelson et al., 1994) . The pipette and cell membrane capacitances were completely compensated, and the series resistance (25-45 MU) was compensated for by 50%-60%, so that effective series resistances of 15-25 MU could be achieved. Neurons with resting-membrane potentials around À55 to À65mV and stable capacitance and resistance were considered. To obtain synaptic conductance, we clamped neurons at À70mV and 0mV, respectively, which are around the reversal potentials of inhibitory and excitatory currents, as also described in our previous studies (Wu et al., 2006 (Wu et al., , 2008 Zhang et al., 2003) .
In this study, linear and isopotential neurons were assumed as in previous studies (Wehr and Zador, 2003; Wu et al., 2006; Zhang et al., 2003) . Potential deviations due to space-clamp error and cable attenuation for synaptic inputs at the distal dendrites should be noted, although it has been extensively discussed in recent studies (Spruston et al., 1993; Tan et al., 2004; Wehr and Zador, 2003; Wu et al., 2006) . Regardless, the three major observations for DS neurons, the direction-non-selective synaptic inputs, the reversed temporal relationship between excitatory and inhibitory inputs in response to opposing FM directions, and the nonoverlapped excitatory and inhibitory synaptic receptive fields, are unlikely to be affected.
First, the linearity of I-V curve ( Figure 4B ) suggests that our recorded cells were reasonably clamped, and the synaptic currents were not strongly affected by the nonlinearities of the neurons. It is further indicated by the fact that when cells were clamped at 0mV, no excitatory currents were observed ( Figure 4A ). This may be attributed to the blockade of most voltage-dependent currents by cesium, TEA, and QX-314 in the intracellular solution, and ketamine used for anesthesia, which reduces the membrane permeability, and thus decreases the cable attenuation (Spruston et al., 1993) . The relative accuracy of derived excitatory reversal potential (0 ± 6mV) also suggests reasonably accurate voltage clamp for those recorded synaptic inputs, because errors in space clamp will result in apparent deviations from the actual reversal potential (Shu et al., 2003) . Second, although previous analytical modeling simulation indicates that space-clamp errors and cable attenuation can cause an underestimation of both excitatory and inhibitory absolute conductances, especially for inhibitory conductances (Wehr and Zador, 2003) , our conclusions are not based on the absolute level of conductances or the ratio between excitation and inhibition, as reflected by the DSI equation. Moreover, the relative timing between excitatory and inhibitory inputs is not significantly affected by the cable effects and does not vary as a function of distance from the soma, as indicated by the modeling work in the same study (Wehr and Zador, 2003) .
Data Analysis Synaptic Conductances
The equation of I (t, V) = Gr(V À E r ) + G e (t)(V À E e ) + G i (t)(V À E i ) was used to derive excitatory and inhibitory synaptic conductance, as previously reported (Anderson et al., 2000; Borg-Graham et al., 1998; Wehr and Zador, 2003; Wu et al., 2006 Wu et al., , 2008 Zhang et al., 2003) . I indicates synaptic current at the time point of t; G r and E r represent the resting conductance and membrane potential, respectively; G e and G i are the excitatory and inhibitory synaptic conductance, respectively; V is the holding voltage; and E e (0mV) and E i (À70mV) are the reversal potentials of excitatory and inhibitory currents, respectively. The actual clamping voltage V(t) was corrected by V(t) = Vh À Rs*I(t). Rs was the compensated series resistance, while Vh was the holding voltage set by the amplifier. Junction potential (about 12mV) was corrected. By holding the recorded cell at À70mV and 0mV, G e and G i were computated, which reflect pure excitatory and inhibitory synaptic inputs, respectively. Activation of NMDA receptors can be ignored when the cell is clamped at À70mV (Hestrin et al., 1990; Stevens, 1990a, 1990b; Pinault, 1996) . Thus, the evoked synaptic currents are primarily mediated by AMPA and GABA A receptors.
The DSI for spike, membrane potential, or synaptic input responses evoked by opposing directions is calculated as (R u À R d )/(R u + R d ), where R u is the response amplitude to upward FM sweeps and R d is that to downward sweeps.
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